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8 Abstract
9 Floods have caused severe destruction and affected communities in different ways 
10 throughout history. Flood events are being exacerbated by climate change and hence it is 
11 increasingly necessary to have a more accurate understanding of various aspects of flood 
12 hazard, particularly for pedestrians. The focus of this study is therefore to investigate 
13 different criteria to assess the flood hazard for pedestrians and to propose improvements 
14 in assessing such hazards. The revised mechanics-based approach reported herein gives 
15 results based on a full physical analysis of the forces acting on a body and can be 
16 universally applied as the method can be fine-tuned for different region of the world. The 
17 results from flood hazard assessments can be used to: design evacuation plans, improve 
18 resilience of sites prone to flooding and plan more resilient future developments. 
19 Extreme flood events in the UK and documented for Boscastle (2004) and Borth (2012) 
20 were used as case studies. Two approaches were considered, including: (i) a mechanics-
21 based approach, and (ii) an experimental-based approach, with the criteria for the 
22 stability of pedestrians in floods being compared for the criteria used by regulatory 
23 authorities in Australia, Spain, UK and USA. The results obtained in this study 
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24 demonstrate that the mechanics-based methods are preferable in determining flood 
25 hazard rating assessments. 
26 1 Introduction
27 Of all the natural hazards that occur world-wide, flood events are historically recognised 
28 as being one of the most devastating, often leading to significant loss of life (Bellos et al., 
29 2020; Bracken et al., 2016; Percival and Teeuw, 2019; Svetlana et al., 2015). In specific 
30 regions of the world, climate change, in combination with an increase in population and 
31 increasing urbanisation coastal and riverside cities, has made the impact of flooding on 
32 people and economic assets even more dramatic (Guerriero et al., 2020; Milanesi et al., 
33 2016; Wang et al., 2018). Although it is clearly impossible to reduce the flood risk of any 
34 river basin to zero (Creutin et al., 2013), it is increasingly important to minimise, so far 
35 as possible, the impact of flood events. This can be done by implementing various flood 
36 mitigation methodologies (Fox-Rogers et al., 2016) and developing preparedness and 
37 response actions such as emergency evacuation plans (Bodoque et al., 2019, 2016).
38 Pedestrians walking in flooded streets is one of the two major causes of death associated 
39 with flood events (Arrighi et al., 2019; Shabanikiya et al., 2014), thus one of the 
40 fundamental aspects of flood risk management is to assess the hazard posed by floods to 
41 pedestrians. Generally, pedestrians tend to underestimate the impact that a flood flow 
42 can have on the human body, especially for shallow water depths and high flow velocities, 
43 this aspect, jointly with the nature of extreme floods in specific areas (e.g. flash floods in 
44 alpine environments, steep catchments and urban environments) makes floods very 
45 dangerous for pedestrians. Moreover, most people and businesses consider flood hazard 
46 defence schemes to provide a complete safeguard against flooding when, to the contrary, 
47 the protection is often only partial (Stevens et al., 2010). 
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48 Internationally, various authorities have often adopted flood hazard assessment methods 
49 as suggested by earlier studies started in the 1970s, in providing a significant step 
50 forward to ensure the safety of pedestrians during floods. However, it is important to note 
51 that there is currently a lack of standardisation between countries in terms of assessing 
52 flood hazard from a pedestrian protection perspective. In many countries, flood hazard 
53 assessment for pedestrians is not updated to recently available methods and in some 
54 cases is not considered at all. Recent advancements in understanding the stability of 
55 pedestrians in flood events, together with more readily available data and more accurate 
56 modelling resources, means that the flood hazard assessment from a pedestrian 
57 protection perspective can be improved and should be considered internationally in a 
58 more unified manner.
59 The available literature reports different approaches and methodologies to assess the 
60 hazard to pedestrians in flooding-waters, but there is general agreement on the two main 
61 possible failure mechanisms of people stability, including: toppling and sliding (Arrighi 
62 et al., 2017; Jonkman and Penning-Rowsell, 2008).  Furthermore, two main approaches 
63 have been increasingly used to assess the stability of people in floodwaters. The first is 
64 based on empirical or semi-quantitative criteria, and the second is based on formulae 
65 derived from a mechanics-based approach and supported by experimental data.
66 Authorities worldwide have assessed the flood hazard  from the perspective of pedestrian 
67 protection using different methods available (Cox et al., 2010; Priest et al., 2016). In 1988, 
68 The Bureau of Reclamation of the United States Department of the Interior published a 
69 report entitled “Downstream Hazard Classification Guidelines” (U.S. Department of the 
70 Interior, 1988), with the intent being to provide some guidelines to assess flood hazard 
71 due to possible dam break flows. These guidelines provided different graphs in order to 
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72 identify and assess the hazard for pedestrians and houses associated with a flood event 
73 due a dam breach event and allowed hazard quantification for the following categories: 
74 passenger vehicles, adult pedestrian routes, and child pedestrians routes.
75 In 1996 the General Directorate of the Hydraulics Works and Water Quality of the Spanish 
76 Environmental Ministry published its “Technical Guidelines for dam classification based 
77 on the potential risk of failure” (Ministerio de Medio Ambiente de Espana, 1996). In these 
78 guidelines, graphs were provided which correlate depth x velocity relationships with the 
79 danger derived from floods due a dam break event and allowed hazard quantification. 
80 Ramsbottom et al. (2003 and 2006) developed an empirically based method for 
81 evaluating flood hazard for the Department for the Environment, Flood and Rural Affairs 
82 (DEFRA) and the UK Environmental Agency (EA). The authors tested various empirical 
83 formulae using datasets available in the literature and proposed an approach that 
84 considers the likelihood of flooding, the probability of exposure to a flood event and the 
85 probability that people exposed to the considered event would be seriously, or even 
86 fatally, injured. 
87 The publication of a report on Australian Rainfall and Runoff,  by Cox et al. (2010), 
88 updated Australia’s guidelines on safety of pedestrians in floodwaters. The authors 
89 reviewed their previous work and re-analysed all of the available datasets, enabling new 
90 guidelines to be produced for the safety of pedestrians in floodwaters and using depth x 
91 velocity relationships.
92 The main focus of this research study is to compare the performance of a revised and 
93 improved mechanics-based method (MBM) against various empirical methodologies 
94 adopted by authorities in some countries, particularly from the perspective of pedestrian 
95 protection, and to highlight the potential inconsistencies between the empirical methods. 
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96 This benchmarking enables the pros and cons of the various methods to be assessed and 
97 facilitates a more universal and scientific approach to flood hazard assessment of 
98 pedestrians moving in floodwaters, with the scope of contributing to improving the flood 
99 hazard evaluation, especially for the case of flash floods and based on a pedestrian 
100 protection perspective.
101 Two cases studies from the UK have been considered in the benchmarking analysis. These 
102 sites include: (i) Boscastle, a tourist village in the south west of England, affected on 16th 
103 August 2004 by an extreme flash flood, which has been widely studied due to the 
104 availability of data and the impacts of the flash flood, and (ii) the Borth region, in west 
105 Wales, where on the 9th June 2012 a heavy rainfall event caused a flash flood to occur, 
106 with the site being an important tourist resort, with tourism being crucial to the local 
107 economy. For both sites pedestrians’ hazard levels were important due to the nature of 
108 the sites. 
109 The novelty of this particular study is the inclusion in the comparison of a revised and 
110 improved MBM, which considers the effects of ground slope and includes updated 
111 parameter values of the key characteristics of a typical European human body. These 
112 flood events were also considered to be significantly different in terms of their intensity, 
113 with the aim of the study being to investigate the dependency of the reliability of the 
114 results for different flood conditions and using a range of different assessment methods.
115 2 Case Studies Sites
116 2.1 Boscastle
117 Boscastle is a small touristic village, located at the end of a narrow and steep catchment 
118 in Cornwall - UK (Figure 1). On 16th August 2004 an intense rainfall event occurred over 
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119 the north coast of Cornwall with up to 200 mm of rain fell in about 5 hours over a 20 km2 
120 catchment area (HR Wallingford, 2005; Roca and Davison, 2010). This extreme rainfall 
121 event caused a flash flood (Figure 2) that severely affected the village and its population, 
122 causing extensive damages which were widely reported. During the event streets were 
123 inundated by over 2 metres of water (Xia et al., 2011a) and people had to be rescued from 
124 cars and rooftops. The extent of the flash flood can briefly summarized as follow: 100 
125 people were airlifted, six buildings collapsed due to the strong force of the flood water, 
126 and over 70 properties were flooded; 79 cars were washed away into the harbour, the 
127 two local bridges were blocked, the “Lower Bridge” collapsed and had to be reconstructed 
128 after the event (Environment Agency, 2004; Rowe, 2004). Damages were of the order of 
129 several million pounds, without considering psychological consequences suffered by 
130 people affected by trauma due to consequences of the flood (Rowe, 2004). Characteristics 
131 of both basin and flash flood reported above, made Boscastle an ideal case study for many 
132 flash flood modelling studies.
133 The domain for this study covers a surface of 0.156 km2 (235m wide and 665m long), that 
134 has been divided in square cells of 1 m2 each. LIDAR (Laser Imaging Detection and 
135 Ranging) data collected during a survey undertaken by the Environmental Agency post 
136 the flood event was used to represent the topography of the domain. A constant value of 
137 Manning’s roughness coefficient  equal to 0.040 been used along the whole domain 
138 (Kvočka et al., 2015; Xia et al., 2011b). Peak discharge of the event was estimated to be 
139 about 180 m3/s as shown in Figure 3. Therefore, based on Flood Estimation Handbook 
140 (FEH) statistical and rainfall-runoff methods the frequency of the flood event was 
141 estimated in the order of 1:400 years (HR Wallingford, 2005; Roca and Davison, 2010). 
142 Calibration and validation of the hydrodynamic model has been undertaken, in some 
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143 detail and has been reported previously (Falconer et al., 2012; Kvočka et al., 2017, 2015; 
144 Xia et al., 2011b).
145 2.2 Borth
146 Borth is a coastal village located in West Wales - UK (Figure 1) and part of the Dyfi 
147 Biosphere, which is the only UNESCO Biosphere reserve in Wales. The village it is also 
148 part of Dyfi National Nature Reserve and it is situated along the Welsh Coast Path. There 
149 are many touristic attractions and facilities in Borth and surrounding area such as 
150 caravan parks, camping site, golf club, zoo, seasonal festival and carnival make the area 
151 important for the local economy. This area is suited at the final part of river Leri 
152 catchment, which is a relatively small, steep catchment. On 9th June 2012 heavy rain 
153 caused a flash flood down the Cambrian Mountains causing a severe flood in Tal-y-bont, 
154 Dol-y-bont, Borth and surrounding area (Figure 2). About 60 properties and Caravan 
155 parks in those areas had been evacuated, this evens has been reported as: “the biggest 
156 flooding in living memory” (Foulds et al., 2012). Large areas of the floodplain have been 
157 developed as camping and caravan sites; thus, these are classified as high exposure areas 
158 due to the large number of temporary residents exposed to flood risk. The events in June 
159 2012, highlights the need for accurate flood hazard assessment and appropriate flood 
160 defences  to reduce the impact of such events or even more disastrous events, similar to 
161 the one happens in Spain during a flash flood in 2007 were 87 people died in a campsite 
162 (Foulds et al., 2012).
163 The domain of this study covers an area of 63 km2 (9 km long and 7 km wide) and include 
164 Borth, Tal-y-bont and Dol-y-bont areas. Topographic data used to set up the 
165 hydrodynamic model have been extracted from a 2m LIDAR. Upstream boundary 
166 condition was flow entering the domain through two main rivers, namely River Leri and 
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167 River Cuelan. The simulated flood event was a 1:100-year flood event, with a discharge 
168 peak of 64.5 m3/s for River Leri and 19.1 m3/s for River Cuelan (Kvočka et al., 2018). 
169 Downstream boundary condition was set to the water levels in the Dify Estuary. 
170 Roughness parameters were assigned on the basis of Kvočka et al. (2018), to the 
171 floodplain it has been assigned the value of 0.05, the value of 0.04 was assigned for the 
172 river channel. Calibration and validation of the model has been undertaken in detail as 
173 reported by Kvočka et al. (2018).
174 Figure 1 – Study areas: a) Dol-Y-Bont and Riverside Caravan Park; b) Boscastle
175 Figure 2 – a) and b) Riverside Caravan Park c) Aberystwyth Holiday village during the 9th June 2012 flood event; d),e),f) 
176 Boscastle during the 16th August flash flood event (HR Wallingford, 2005; Rowe, 2004) 
177 3 Numerical Modelling of Flash Flood Events
178 The flood events considered as case study in this work were simulated using the DIVAST 
179 TVD model in order to obtain flood characteristics as flow depth and velocity to be used 
180 to assess flood hazard to pedestrian. DIVAST TVD was developed in the Hydro-
181 environmental Research Centre (HRC) at Cardiff University, and has been used for a 
182 number of flood modelling studies (Ahmadian et al., 2018; Hunter et al., 2008; Kvočka et 
183 al., 2017; Liang et al., 2007a, 2007b; Neelz, S. & Pender, 2013). DIVAST TVD is based on 
184 the finite difference scheme, the algorithm is fully conservative and is based on a standard 
185 MacCormack scheme, enhanced with a symmetric five points total variation diminishing 
186 (TVD) shock capturing algorithm (Mingham et al., 2001). The TVD algorithm allows 
187 discontinuities to be captured, as occurring for trans - and super-critical river flows, 
188 without generating spurious oscillations (Kalita, 2016). The shock-capturing feature of 
189 DIVAST TVD makes this model ideal for modelling short and steep catchments, where 
190 trans- and super-critical flows can occur for high rainfall events. Further details of the 
191 DIVAST TVD model are given in Liang et al. (2007a). 
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192 4 Assessing Flood Hazard to Pedestrians
193 In this section, a brief overview of methods to assess flood hazard for pedestrians and the 
194 methods considered for benchmarking hazard analysis are presented. Especially, a 
195 revised MBM is benchmarked against methods adopted by authorities in the USA 
196 (method A), Australia (method B), the UK (method C) and Spain (method D), as well as 
197 the empirical method (method E) proposed by Martínez-Gomariz et al. (2016). These 
198 methods are summarised below and their performance in assessing the flood hazard to 
199 pedestrians have been compared and discussed in Section 5.
200 The methods used for the benchmarking have been selected from those available in the 
201 literature. The selection of the methods has been based on consideration of: i) the 
202 methodology adopted, with benchmark comparisons being undertaken between the 
203 different assessment methods to establish if there is any scope for improvement in the 
204 method; and ii) the validity of the method, in term of the methodology adopted by the 
205 authorities and the novelty of the analysis as reported in the literature. Methods A, B, C 
206 and D are used by government organisations, with method E being regarded as a state-
207 of-the-art empirical approach. 
208 4.1 Methodologies to assess flood hazard for pedestrian
209 Early studies of Foster and Cox (1973) showed that instability of the children in 
210 floodwaters depended on a combination of physical, dynamic and emotional 
211 factors; moreover, the results also showed that the predominant failure 
212 mechanism was sliding.
213 Abt et al. (1989) conducted a series of tests with human subjects and a monolith placed 
214 in a flume, their study demonstrating the importance of toppling mechanism. Karvonen 
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215 et al. (2000) carried out further tests with humans through the RESCDAM project, with 
216 their findings showing that, depending on the person’s weight and height, the critical 
217 depth and velocity product ranged from 0.64 m2/s to 1.29 m2/s. 
218 To overcome the limitations of experimental activities involving people, various authors 
219 have proposed several conceptual modelling techniques and with differing degrees of 
220 simplification, in order to describe the complex phenomenon of pedestrian stability in 
221 floodwaters. Some of these studies and findings are summarised below.
222 Jonkman and Penning-Rowsell (2008) analysed their experimental results and found that 
223 the sliding mechanism was more dangerous than previous studies had suggested. 
224 Another interesting finding of their work was that sliding mechanism was the dominant 
225 mechanism of failure in shallow water depths and high flow velocities, as typically occurs 
226 for the case of flash floods in urban environments. Moreover, the authors also found that 
227 the simplified approach used to evaluate instability, which was generally presented as 
228 the product of depth (h) and velocity (v), had a physical connection with the toppling 
229 mechanism, but that a better descriptor of the sliding mechanism was the product h x v2.
230 Xia et al. (2014a) proposed a MBM, the methodology considered the failure mechanisms 
231 of both toppling and sliding and included the effects of ground slope and a non-uniform 
232 upstream velocity profile acting on the human body. Moreover, the analysis included the 
233 forces acting on a body when immersed in water, such as: buoyancy, friction, drag, normal 
234 reaction and gravitational forces. The resulting formulation parameters were calibrated 
235 using flume experiments and datasets available in the literature. Later this methodology 
236 was further extended to include experiments for a range of bed slope conditions. (Xia et 
237 al., 2014b) Another important feature of this MBM approach was the inclusion of the body 
238 shape characteristics in the analysis, through the addition of coefficients describing the 
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239 typical features of a human body. Milanesi et al. (2016) tried to overcome the bias 
240 inherent in tests conducted in controlled laboratory conditions (e.g. trained subjects, 
241 gained experience during testing, and presence of safety equipment), as well as dealing 
242 with the bias of tests conducted on scaled models (e.g. the dummy cannot continuously 
243 adjust its posture, the dummy is not affected by psychological factors etc.). The authors 
244 proposed a new methodology that extrapolated the flow characteristics from videos 
245 available on the WEB, with the results being verified through observations. The authors 
246 suggested studying the stability problem in a statistical framework, rather than in a 
247 deterministic manner and, accordingly, proposed a methodology that identified the 
248 stability surface and relative thresholds in probabilistic terms. 
249 Arrighi et al. (2017) highlighted the importance of including the body characteristics in 
250 analysing the interaction between a human body and the hydrodynamics in a flood event. 
251 In other words, the interaction depends on the portions and shape of the body that are in 
252 contact with the floodwater, as well as the flow characteristics. Recently, Chen et al. 
253 (2018) expanded the work of Xia et al. (2014a) to include the effects of  adjustments to a 
254 human body in a flood and they revised some of the key parameters in order to consider 
255 American and European body characteristics. However, the corresponding formulae 
256 were only obtained for toppling and did not include the effects of bed slope.
257 4.2 Mechanics Based Method
258 It is first necessary to evaluate the incipient velocity for pedestrians in order to determine 
259 their instability in floodwaters. The incipient velocity is defined in a similar manner to 
260 the incipient velocity of sediment particles in sediment transport formulation and is the 
261 velocity at which a person loses stability in floodwaters, through the mechanisms of 
262 sliding or toppling, before starting to move with the flow.
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― (𝑎1ℎ𝑓ℎ𝑝 + 𝑏1)(𝑎2𝑚𝑃 + 𝑏2ℎ2𝑝 ) (1)
264




(𝑐𝑜𝑠 𝜃 + 𝛾𝑠𝑖𝑛 𝜃) ― (𝑎1ℎ2𝑝 +
𝑏1
ℎ𝑓ℎ𝑃)(𝑎2𝑚𝑃 + 𝑏2) (2)
266
267 where Uc = incipient velocity, hf = water depth (m), hp = height of pedestrian (m), mp = 
268 weight of pedestrian (kg), ρf = density of water (kg/m3), α and β = empirical coefficients, 
269 and a1, a2, b1, b2 = coefficients defining the characteristic features of a human body (e.g. 
270 mass, height and volume of the full body and body segments, such as legs, torso, arms, 
271 etc.) as shown in Table 1, θ = angle of the sloping ground, and γ = correction constant. 
272 It is possible to determine a Flood Hazard Rating (FHR) parameter by considering both 
273 failure mechanisms as follows: 
𝐹𝐻𝑅 = 𝑀𝐼𝑁(1, 𝑈𝑈𝑐) (3)
274
275 where U = flow velocity and Uc = incipient velocity, which is the minimum velocity of 
276 either Utoppling or Usliding. Further details of this approach can be found in (Xia et al., 2014a). 
277 Therefore, it is possible to calculate the precise threshold conditions for different age and 
278 gender groups, as well as taking account of differences in body characteristics depending 
279 on the country etc.  (Milanesi et al., 2015; Xia et al., 2014b)
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280 As noted by González-Riancho et al. (2013) slope is an important factor which can 
281 significantly affect the flood hazard assessment for pedestrians. One of the refinements 
282 of this research study has been the inclusion of the term related to the slope in Equation 
283 2. In previous studies this term has generally been omitted for simplicity. The term 
284 relative to the slope in Equation 2 is represented through the additional term, given by 
285 , in which  represents the slope angle of the ground. In this study the (𝑐𝑜𝑠 𝜃 + 𝛾𝑠𝑖𝑛 𝜃) 𝜃
286 incipient velocity equations have been included in the finite difference model, outlined 
287 previously, where the bed elevation was stored at the centre of each grid cell (Ahmadian 
288 et al., 2018; Kvočka et al., 2017; Liang et al., 2007a, 2007b). The slope of each 
289 computational cell was calculated by first evaluating the ground slope between the centre 
290 of the cell and the centre of the four neighbouring cells, as shown in Figure 3. The highest 
291 slope calculated was then selected as the slope to be used for the value of  in Equation 𝜃
292 2. In this way the most adverse situation is considered in a precautionary approach.
293 Figure 3 - The model computational cells configuration considered for the determination of ground slope angle
294 In the proposed formulae for the stability of a pedestrian, since both case studies are 
295 located in the UK, the values used for the characteristics of a pedestrian are based on the 
296 typical dimensions of an average British person (except for α and β, since these are not 
297 available at the moment), and as given in Table 1.  The parameters α and β depend on 
298 several factors, such as the shape of the human body, pedestrian’s ability to adjust his/her 
299 position in order to maintain stability in floodwaters, and the drag and friction 
300 coefficients between the pedestrian and the ground surface. Typical values for α and β 
301 are different when considering toppling or sliding and allow the calibration of the method 
302 using both tests using real pedestrians and dummies.
Parameter Value Reference
a1 0.735 (Chen et al., 2018)
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b1 0.265 (Chen et al., 2018)
a2  1.015 × 10 ―3m3 kg (Chen et al., 2018)
b2 ―4.927 × 10 ―3m3 (Chen et al., 2018)
α (t) 1.705 (Xia et al., 2014a)
β (t) 0.197 (Xia et al., 2014a)
α (s) 7.975 (Xia et al., 2014b)
β (s) 0.018 (Xia et al., 2014b)
ρf 1000 kg m3 (Xia et al., 2014b)
γ 10.0 (Xia et al., 2014b)
hp 1.75m (ONS - Office for National Statistics (UK), 2010)
mp 83.7 kg (ONS - Office for National Statistics (UK), 2010)
303 Table 1 – Revised MBM parameters used in the current study
304 4.3 Method A
305 Method A uses graphs to determine the flood hazard for pedestrians. The U.S. Department 
306 of the Interior (1988) provided one graph for adults (i.e. a person over 1.5 m in height 
307 and 54 kg in weight) (Figure 4 a) and one graph for children (Figure 4 b). Details of the 
308 classifications of the hazard ratio can be founded in U.S. Department of the Interior 
309 (1988). 
310 Figure 4 – depth x velocity relationship and related FHR for (a) adults and (b) children (U.S. Department of the Interior, 
311 1988)
312 4.4 Method B
313 Cox et al. (2010), in revising the stability thresholds for the Australian guidelines, used 
314 experimental data to establish different levels of hazard based on the product of depth 
315 and velocity as shown in Figure 5. 
316 Figure 5 – Depth x velocity relationships and related flood danger levels for children and adults (Cox et al., 2010)
317 The authors proposed four different thresholds based on different depth and velocity 
318 products. There was also a limiting depth and velocity considered for both children and 
319 adults. The limiting velocity was 3.0 m/s for both children and adults, while limiting 
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320 depths were 0.5 m and 1.2 m for children and adults, respectively. These values represent 
321 the depth and velocity thresholds for extreme danger. 
322 Details of the depth x velocity relationships and the relative FHR for the different 
323 categories can be found in the classifications of the hazard ratio first given in Cox et al. 
324 (2010).
325 4.5 Method C
326 A mathematical expression using an empirically based method is widely used in the UK 
327 (Ramsbottom et al., 2006, 2003) and is given as:
𝐻𝑅 = 𝑑(𝑣 + 0.5) + 𝐷𝐹 (4)
328
329 where HR is the Flood Hazard Rating, d = water depth (m), v = velocity of flow (m/s), and 
330 DF is a factor which depends on the threat posed by debris, which assumes a value of 0, 
331 0.5 or 1 (Ramsbottom et al., 2006). 
332 Details of the classifications of the hazard ratio can be found in Ramsbottom et al., (2006)
333 4.6 Method D
334 Similar to the guidelines provided by the US, “Technical Guidelines for dam classification 
335 based on the potential risk of failure” (Ministerio de Medio Ambiente de Espana, 1996), 
336 two graphs  were developed (Figure 6)  to assess the flood hazard for the case of a dam 
337 failure in Spain. The graphs in Figure 6 show the depth x velocity relationships and the 
338 associated flood hazard levels for (a) urban areas, and (b) rural (or non-urban) areas. The 
339 graphs are based on the product of the depth and velocity. From these results it can be 
340 seen that there is good correlation between the graphs of the pedestrian route for adults 
341 using Method A (Figure 4 a) and the graph for the unurbanized area of Method D (Figure 
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342 6b). From this comparison the graph for the unurbanized area will be used hereafter, 
343 rather than the pedestrian graph of Method A, since the graph for Method D is more 
344 conservative. A description and classification of the hazard level based on this method is 
345 reported in Ministerio de Medio Ambiente de Espana, (1996).
346 Figure 6 – Depth x  velocity relationship and related flood hazard level for: (a) urban and (b) unurbanized areas 
347 (Ministerio de Medio Ambiente de Espana, 1996)
348 4.7 Method E
349 Martínez-Gomariz et al.(2016) derived an empirical equation for pedestrians based on 
350 results obtained from experiments with human subjects, of different ages and gender. 
351 The authors have merged these new data, with previous data published by Russo in 2009, 
352 in order to obtain more instability conditions. This new merged dataset has been used to 
353 define the lower limit function expressed by Equation 5 (Martínez-Gomariz et al., 2016). 
354 Thus, depending on the value of the product of the water depth (i.e. d in Equation 5) and 
355 the flow velocity (i.e. v in Equation 5) it is possible to determine the stability of a 
356 pedestrian as shown in Figure 7.
(𝑑 × 𝑣) = 0.22 𝑚2𝑠 ―1 (5)
357 Figure 7 – Stability threshold for pedestrian in floodwaters for Method E (Martínez-Gomariz et al., 2016)
358 A classification of the hazard level can be found in Martínez-Gomariz et al. (2016).
359 5 Results 
360 The results of the benchmark studies for the revised MBM and the other methods shown 
361 individually in Sections 5.1 to 5.5. The scope of this benchmarking study is therefore to 
362 highlight the improvements obtained using the revised MBM, as compared to previous 
363 studies.  All the Figures relative to simulation time 340 min for Boscastle and 720 min for 
364 Borth are reported as supplement material.
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365 5.1 Benchmark between revised MBM and Method A  
366 Figure 8 shows the benchmark results between the revised MBM and Method A in terms 
367 of predictions of the FHR for Boscastle and Borth respectively. 
368 From the comparisons it can be seen that when using the revised MBM, rather than 
369 Method A, there is a greater extension of the areas with an extreme FHR. In considering 
370 the Boscastle site, Method A assessed 29.54% less area characterised by extreme FHR at 
371 simulation time (ST) 200 min (Figure 8 b) and 3.51% less at ST 340 min. Similarly, for the 
372 Borth site, Method A assessed 28.96% and 48.71% less extreme FHR areas at ST 420 min 
373 (Figure 8 d) and ST 720 min respectively.
374 Figure 8 – FHR benchmark between revised MBM and Method A – Boscastle case study ST 200 min - Borth case study ST 
375 420 min.
376 5.2 Benchmark between revised MBM and Method B  
377 In Figure 9 the results are benchmarked between the revised MBM and Method B for the 
378 sites at Boscastle and Borth respectively.
379 It can be seen from the results that when using Method B there are less regions 
380 characterised with an extreme FHR, in particular there is 55.60% and 15.27% less area 
381 for ST 200 min (Figure 9 b) and 340 min respectively. For Borth there are the 28.95% at 
382 ST 420 min (Figure 9 d) and 48.71% at ST 720 min less areas of extreme FHR when using 
383 Method B instead of the revised MBM.
384 Figure 9 – FHR benchmark between revised MBM and Method B – Boscastle case study ST 200 min - Borth case study ST 
385 420 min.
386 5.3 Benchmark between revised MBM and Method C  
387 Figure 10 shows benchmarked results between the revised MBM and Method C for 
388 Boscastle and Borth sites respectively. It can be seen that when using Method C there is a 
389 reduction in the extreme FHR compared to the results obtained using the revised MBM. 
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390 For Boscastle the difference is 76.93% at ST 200 min (Figure 10 b) and 27.04% at ST 340 
391 min. For the Borth case study the difference is 83.60% at ST 420 min (Figure 10 d) and 
392 81.65% at ST 720 min.
393 Figure 10 – FHR benchmark between revised MBM and Method C – Boscastle case study ST 200 min - Borth case study ST 
394 420 min.
395 5.4 Benchmark between Revised MBM and Method D 
396 The benchmark results between those for the revised MBM and Method D are shown in 
397 Figure 11 for the Boscastle and Borth sites. It can be seen that when using the revised 
398 MBM there is a greater extension of the areas categorised as extreme FHR. For the 
399 Boscastle case study, when using Method D there are 29.69% and 3.69% less extreme 
400 FHR areas at ST 200 min (Figure 11 b) and at ST 340 min respectively. For Borth then 
401 Method D shows 36.06% and 47.94% less extreme FHR areas at ST 420 min (Figure 11 
402 d) and ST 720 min respectively.
403 Figure 11 – FHR benchmark between revised MBM and Method D – Boscastle case study ST 200 min - Borth case study ST 
404 420 min.
405 5.5 Benchmark between revised MBM and Method E 
406 Figure12 shows the benchmark comparisons between the revised MBM and Method E. 
407 The results show a greater extension of extreme FHR when using Method E. In particular, 
408 for the Boscastle site the increase in area is +10.02% at ST 200 min (Figure 12 b) and 
409 +6.19% at ST 340 min. For the Borth case study, Method E assesses increases of +15.30% 
410 at ST 420 min (Figure 12 d) and +11.06% at ST 720 min.
411 Figure 12 – FHR benchmark between revised MBM and Method E – Boscastle case study ST 200 min - Borth case study ST 
412 420 min.
413 6 Discussion
414 The results presented in this study have shown that the empirical methods, except for the 
415 Method E, generally underestimate the FHR results for extreme flood events (Musolino 
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416 et al., 2020; Russo et al., 2014) when compared with the revised MBM approach (Table 2 
417 and Table 3). 
Boscastle case study % difference – ST 200 min % difference – ST 320 
min
|% difference between ST|
Method A vs revised MBM -29.54% -3.51% 26.03%
Method B vs revised MBM -55.60% -15.25% 40.35%
Method C vs revised MBM -76.93% -27.04% 49.89%
Method D vs revised MBM -29.69% -3.69% 26%
Method E vs revised MBM +10.02% +6.19% 3.83%
418 Table 2 – Boscastle case study - Benchmark between the revised MBM and the other method in terms of % difference of 
419 extreme FHR areas
Borth case study % difference – ST 420 min % difference – ST 720 
min
|% difference between ST|
Method A vs revised MBM -28.96% -48.71% 19.75%
Method B vs revised MBM -60.10% -70.41% 10.31%
Method C vs revised MBM -83.60% -81.65% 1.95%
Method D vs revised MBM -36.06% -47.94% 11.88%
Method E vs revised MBM +15.30% +11.04% 4.26%
420 Table 3 – Borth case study - Benchmark between the revised MBM and the other method in terms of %difference of 
421 extreme FHR areas
422 In comparing the results in Tables 2 and 3 at ST 200 min and ST 420 min respectively, it 
423 can be seen that the % difference is very similar, in comparison with the results reported 
424 in Tables 2 and Table 3 at ST 320 min and ST 720 min respectively; when ST is close to 
425 the peak of the flood event then the % differences are noticeably different. This is 
426 explained by the fact that the two flood events are different in terms of intensity, with the 
427 Boscastle flood event being a 1:400 years flood event and Borth being a 1:100-years flood 
428 event (See 2.1 and 2.2). Hence, if the value of the water depths and flow velocities are 
429 relatively large then all of the assessment methods tend to give similar assessments of 
430 the stability thresholds – which have been already largely exceeded. 
431 In comparing the results of the revised MBM and Method E it is noted that the % 
432 differences in the FHR areas are close for both case studies. In considering the two STs, 
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433 the difference between the revised MBM and Method E is 3.83% for Boscastle and 4.26% 
434 for Borth, with no such big differences when considering the benchmark with the other 
435 methods at different STs, especially for the Boscastle case study. This observation means 
436 that the two methods give reliable results, no matter how extreme the flood event is. So 
437 far there are no data available on the instability of a pedestrian in a real flood, i.e. 
438 instability data obtained during a real flood event. Data available are only from 
439 experiments which take account of some of the most important factors leading to 
440 instability. This makes validation of different methods and - to a higher degree - 
441 comparisons of the performance of the methods, and uncertainty associated with the 
442 predictions, more difficult to assess. Moreover,  different studies have highlighted that it 
443 is necessary to include the full physical characteristics of the flood in order to accurately 
444 assess the flood hazard from the perspective of pedestrian protection in events 
445 characterised by deep flood waters, high flow velocities and sudden variations in the flow 
446 regime, such those occurring in flash floods (Arrighi et al., 2017; Kvočka et al., 2016; 
447 Milanesi et al., 2015; Musolino et al., 2020). This leads to further consideration of the 
448 mechanics-based methods, such as the revised MBM presented herein. Furthermore, this 
449 study has highlighted some of the inconsistencies between the different empirical 
450 methods and the revised MBM for various physical characteristics, which confirms the 
451 caution needed in an empirical method alone. 
452 Thus, it is important to use an appropriate assessment method, since if an emergency 
453 evacuation plan needs to be activated for local residents, then it is important to undertake 
454 the planning as soon as possible in order to implement the safest evacuation pathways. 
455 In contrast if the FHR predictions are not reasonably accurate, then any evacuation plans 
456 can be erroneous and could have serious consequences. 
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457 The difference in the predictions is thought to be due to the following reasons: the revised 
458 MBM approach is defined as being a product of the submerged depth and the square of 
459 the free stream velocity, while the empirical methods are based on the product of the 
460 depth and velocity. This later approach is inconsistent with an analysis of the 
461 hydrodynamic forces on a stationary body. Generally, the difference in the results are 
462 covered by experimental coefficients at low velocities. However, for these case studies, 
463 and similar extreme flood events, the difference in the hazard assessment is expected to 
464 be considerably higher when the velocity is well in excess of unity, as is generally the case 
465 for most extreme flood events. Thus, when assessing extreme flood events, which are 
466 often also characterised by deeper floodwaters, higher flow velocities and sudden 
467 variations in the flow regime necessitate the inclusion of a full physical analysis, as for 
468 the revised MBM approach as aforementioned. Furthermore, the revised MBM approach 
469 considers all of the forces acting on a pedestrian moving in floodwaters, including the 
470 effects of the ground slope. Both velocity and slope are relevant factors to be considered 
471 when assessing flood events, especially in steep catchments. 
472 Methods A and D assess the FHR to produce very similar graphs and hence the results are 
473 similar. Method A allows a characterization between the thresholds for adults and 
474 children, whereas Method D does not include this distinction. Moreover, both methods 
475 have been developed for dam failures and therefore consider very specific flood 
476 characteristics (i.e. a rapid change in depth, as well as velocity). Moreover, the graphs 
477 leave some areas to the judgment of the individual, which could be misleading. 
478 Furthermore, considering that the key flood characteristics considered (i.e. velocity and 
479 water depth), then a distinction between the urban and non-urban areas may not be 
480 adequate (Russo et al., 2014). This suggests that the methods A and D need to be updated 
481 as suggested by Martínez-Gomariz et al. (2016) and Russo et al. (2014). 
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482 When using Method B, further explanation of the lower FHR threshold is explained by the 
483 fact that Cox et al. (2010), in updating the previous thresholds, used a database which 
484 included extensive scatter in the data. The data were obtained from experimental 
485 campaigns, which were conducted with inconsistent procedures, thereby increasing the 
486 potential for errors, such as gaining experience of the tested subjects, use of safety 
487 equipment, not including slope effects, etc. (Arrighi et al., 2017; Russo et al., 2013).
488 The differences in of the predicted FHR values using Method C, as highlighted in Figures 
489 10, and the revised MBM can be explained by the fact that the revised MBM approach 
490 considers the square of the velocity in its formulation as mentioned previously. The 
491 difference in the results are also explained by the following limitations, highlighted by 
492 Cox et al. (2010): (i) the available datasets have been averaged, regardless of the influence 
493 of the training that the subjects gained repeating the same task during the tests. Due to 
494 the averaged data, the final formula includes the effects of training in formulating the 
495 results. Since the majority of pedestrians would not have any experience in moving in 
496 floodwaters, then the assumption of any form of training cannot be considered as valid. 
497 (ii) there is no particular experiment supporting the proposed values for the debris 
498 factor. (iii) the authors did not include any upper depth limit, which means that a large 
499 depth and a low velocity would not necessarily be considered as dangerous, but this may 
500 be the case, since once a pedestrian starts to float then the person becomes unstable. 
501 Moreover, Milanesi et al., (2015) pointed out that by considering the nature of the 
502 empirical approximation function as purely regressive, it is not possible to truly connect 
503 hazard level and physical effects, so there is no relationship between hazard levels with 
504 physical aspects of pedestrians, e.g. no different thresholds for age, body size and shape. 
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505 The authors of Method C also pointed out in their work is that the expression they 
506 proposed “is based on experience of flood hazard estimation”. It is recognised that the 
507 expression appears rather arbitrary and refinement of this relationship is proposed in 
508 Phase 2, based on a more detailed assessment of previous work together with possible 
509 new research” (Ramsbottom et al., 2003). In Phase 2, Ramsbottom et al. (2006) refined 
510 the expression, but only for the part relative to the debris factor, since at the time studies 
511 relative to the use of the square of the velocity were not available. 
512 For Method E, despite the good results obtained when using this method, some 
513 limitations are present. Firstly, the experimental method does not offer the possibility to 
514 characterise different body characteristics. This means that the method needs to be 
515 tailored for different areas in the world, where body characteristics can be very different 
516 by repeating the experiments. Similarly, it is not possible to obtain thresholds for 
517 different categories (i.e. adults and children) inside a specific geographic group. Secondly 
518 the authors focused their attention on flow cases with a high velocity and shallow depth, 
519 so neglecting the toppling failure mechanism, which occurs more frequently in deeper 
520 flows. 
521 The limitations and results reported herein for all of the methods benchmarked against 
522 the revised MBM suggest that the existing frameworks widely used can be improved 
523 using a more physics-based methodology as presented in this study. 
524 The historical case studies reported in this study were related to two specific return 
525 period flood events, namely 1in 400 years for Boscastle and 1 in 100 years for Borth. 
526 However, in assessing the flood hazard of a specific area from a pedestrian protection 
527 perspective, different return periods should be considered. Creating multiple aggregated 
528 scenarios considering different return periods offers more insight (Dankers and Feyen, 
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529 2009; Menne and Murray, 2013; Yin et al., 2013) in pedestrian protection perspective and 
530 can better support the design optimisation of evacuation plans, based on multiple 
531 aggregated scenarios. In order to undertake this improvement, floods with different 
532 return periods should be simulated and multiple flood hazard scenarios considered for 
533 pedestrian protection, based on a different set of characteristics for each return period. 
534 Finally, the evacuation plans could then be aggregated and produced as a function of the 
535 return period. This is beyond the scope of this paper and is recommended to be 
536 considered in future studies.
537 7 Conclusions
538 In this study the main methods used internationally and reported in the literature have 
539 been benchmarked against the mechanics-based approach, with the aim of investigating 
540 the scope for improving the FHR from a pedestrian protection perspective when 
541 considering extreme flood events, such as flash floods.
542 The comparisons reported herein have highlighted that the empirical methods, have 
543 limitations in acquire reliable thresholds of human stability in flood waters. Although, the 
544 method used by Martínez-Gomariz et al., (2016) have shown very similar predictions to 
545 the revised MBM method, the method lacks the capability to include human body 
546 characteristics in calculating the threshold velocity and/or depth. This means that the 
547 method needs to be calibrated by extensive experiments, in different regions, and it 
548 cannot be used for different groups of people with different body types and capabilities, 
549 e.g. adults, children and less mobile senior citizens. Moreover, the approaches widely 
550 used by authorities were considered not to be sufficiently accurate in terms of assessing 
551 human stability thresholds in floodwaters and a revision to these methods should be 
552 considered in using most recent methodologies, as for the revised MBM approach.
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553 This study proposed a revised MBM, which has included the most recent available body 
554 shape parameter values and the effects of the ground slope in the formulation. These 
555 additional parameters have allowed improved accuracy in the determination of the 
556 physics-based threshold levels, which should lead to enhanced safety of pedestrians 
557 moving through evacuation routes during extreme flood events.  
558 The revised MBM approach proposed herein has a key limitation in terms of the 
559 availability of data relating to the body shape parameters. If these data are not available 
560 then a detailed characterization for the study area cannot be undertaken with a relatively 
561 high degree of accuracy, particularly since generic body shape data then has to be used. 
562 Moreover, the impact on the flood hazard assessment due to psychological and 
563 behavioural response has been not considered in the formulation, with these aspects 
564 being recommendations for future works. 
565 Further research is also required on developing new flood hazard maps based on the 
566 most critical pedestrian category for the study area and considering different flood return 
567 periods, as proposed in Section 5.
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